LDLs have been shown to be a heterogeneous population of particles with respect to size, density, and composition. The results from several case-control studies have demonstrated that small, dense LDL is associated with increased risk of developing coronary heart disease (1-4) and non-insulin-dependent diabetes mellitus (5, 6). A variety of methods is available for measurement of LDL particle size. The most commonly used technique is non-denaturing gradient gel electrophoresis (GGE).
LDLs have been shown to be a heterogeneous population of particles with respect to size, density, and composition. The results from several case-control studies have demonstrated that small, dense LDL is associated with increased risk of developing coronary heart disease (1-4) and non-insulin-dependent diabetes mellitus (5, 6) . A variety of methods is available for measurement of LDL particle size. The most commonly used technique is non-denaturing gradient gel electrophoresis (GGE). 1 GGE can be performed on isolated LDL or on whole plasma (7) (8) (9) . However, GGE is a labor-intensive method that is less suitable for the analysis of a large series of samples.
We have recently described an alternative technique for measuring the mean LDL particle diameter by high performance gel-filtration chromatography with detection by UV absorbance at 280 nm (HPGC-UV) (10) . The HPGC-UV method is very reproducible, precise, and suitable for analyzing a large series of samples. Mean particle diameters measured by HPGC-UV were in close agreement with peak particle diameter values obtained by GGE. Because detection is based on absorbance at 280 nm, the method requires LDL isolation by ultracentrifugation before chromatography to avoid interference by plasma proteins. This study reports on a modification of the HPGC-UV technique to make it suitable for the measurement of LDL size in whole plasma and serum, by postcolumn labeling of lipoproteins with the specific fluorescent lipid probe cis-parinaric acid (PnA). PnA is a fatty acid with four conjugated double bonds, showing intense fluorescence in a lipid environment. PnA has been shown to be spontaneously incorporated into the lipid matrix of lipoproteins, resulting in a dramatic increase in fluorescence intensity (11) . PnA incorporation into LDL particles has been used by other investigators to study kinetics of LDL oxidation (12) . The PnA reagent is particularly suited for postcolumn detection of lipoproteins after separation by HPGC, because the fluorescence intensity of the probe in aqueous solution is very low and is enhanced manyfold on incorporation into lipoproteins.
In the present study, we report on the results of a comparison of the original HPGC-UV method with HPGC in combination with fluorescence detection (HPGC-FL).
Materials and Methods plasma samples
Blood was obtained from 24 healthy medical students and 32 non-insulin-dependent diabetes mellitus patients with acceptable glycemic control (HbA1c, 6.2% Ϯ 1.1%). Ve- The sample compartment of the autosampler was cooled at 7°C. Chromatography was performed using a Superose 6 HR 10/30 column from Pharmacia eluted with phosphate-buffered saline (0.1 mol/L NaH 2 PO 4 ⅐H 2 O, 0.2 mol/L NaCL, and 0.1 mmol/L disodium EDTA; adjusted to pH 7.4) at a flow rate of 0.5 mL/min. The column was kept at a constant temperature of 25°C in a water bath. The retention time of the LDL peak was used to calculate the mean LDL particle diameter. One control and two calibration LDL samples stored in aliquots at Ϫ86°C were included in every series of samples. HPGC-UV measurements were carried out using LDL isolated by ultracentrifugation. Every 50 min a sample (50 L) was injected. The column effluent was monitored by UV detection at 280 nm. The entire procedure was recently described in detail (10) .
The HPGC-FL technique is a modification of the HPGC-UV method. Instead of isolated LDL, whole plasma or serum (5 L) was injected on the Superose column. PnA reagent, at a flow rate of 0.05 mL/min, was continuously added to the column effluent via a low dead-volume mixing-tee (final PnA, concentration 1 mol/L). To provide a pulse-free, reproducible flow, PnA addition was carried out using a syringe pump (Model STC
statistics
All data were analyzed using SPSS statistical software. Results are presented as mean Ϯ SD unless specified otherwise. Pearson's correlation coefficients were computed, and linear regression analyses were performed to assess associations. Methods were compared using paired Student's t-test. The nonparametric paired Wilcoxon rank test was used to compare serum and plasma LDL particle diameters. P Ͻ0.05 was considered significant.
Results and Discussion hpgc-uv vs hpgc-fl
We reported previously (10) that LDL size measured by HPGC-UV is in good agreement with values obtained by GGE, which is considered the conventional assay system for measuring LDL size. Interference by coeluting plasma proteins detected at 280 nm precludes the use of the HPGC-UV technique for the measurement of LDL size in whole plasma or serum. In the present study, we have attempted to overcome this limitation by using more selective detection, i.e., postcolumn labeling with PnA. Precolumn labeling of lipoproteins was not considered a viable alternative, because incorporation of a chromophoric or fluorescent probe into the LDL particle may lead to an increase in size. As illustrated in Fig. 1 , the main lipoprotein classes VLDL, LDL, and HDL in plasma are well separated after postcolumn labeling of lipoproteins with PnA in combination with fluorescence detection. Control experiments with lipoprotein-free plasma revealed that albumin seemed to be one of the few plasma proteins with binding affinity for PnA (Fig. 1, broken  line) . Most importantly, in the region of the chromatogram where LDL elutes (18 -25 min), no PnA-binding plasma proteins were detected. An additional advantage of fluorescence detection after PnA labeling is that the time between injections could be reduced to 30 min compared with 60 min for the original HPGC-UV procedure (10) .
We used plasma from 56 subjects to evaluate the HPGC-FL method further. Non-insulin-dependent diabeClinical Chemistry 44, No. 10, 1998 tes mellitus patients were included to create a wide range of LDL sizes, because diabetic individuals have smaller LDL particles than nondiabetic individuals (5, 6) . LDL was isolated from these samples, and LDL size was determined by both HPGC-UV and HPGC-FL methods ( Table 1 ). The 0.02-nm average difference observed between both methods was not statistically significant (P ϭ In addition, LDL size was determined using direct injection of whole plasma by HPGC-FL ( Table 1) . As shown in Fig.  2A , measurements by HPGC-FL using whole plasma were closely correlated to measurements by HPGC-UV using isolated LDL [y ϭ (0.97 Ϯ 0.04)x ϩ (1.00 Ϯ 0.98); r ϭ 0.961; S y͉x ϭ 0.17 nm]. However, we obtained statistically greater values measuring the LDL size in whole plasma than in isolated LDL. The difference between the measurements by the two methods was not related to the actual LDL size, as illustrated in Fig. 2B (13) . It was also excluded that this difference was caused by a matrix effect of plasma on the chromatographic properties of LDL, because addition of lipoprotein-free plasma to isolated LDL did not alter the retention time of the LDL peak (data not shown). In good agreement with our study, Westhuyzen et al. (14) found slightly larger LDL peak particle diameters using plasma than corresponding values derived from isolated LDL, as measured by GGE. The difference between LDL size measured in plasma and in LDL after isolation by ultracentrifugation is possibly due to effects of the gravitational field at high rotor speeds on lipoprotein structure. Recently, two studies (15, 16) reported that the content of triglycerides, phospholipids, and especially cholesterol of LDL tended to decrease with increasing rotor speed. Taken together, these findings suggest that ultracentrifugation of plasma lipoproteins may produce a reduction of LDL size. 
serum vs plasma
To study the influence of blood clotting on LDL size measurements, we performed a study among 20 healthy subjects. Plasma and serum were collected, and the mean LDL size of these subjects was measured by HPGC-FL. There was no significant difference (P ϭ 0. reproducibility Precision of the HPGC-FL method was determined by calculating both within-run and between-run CVs (n ϭ 10). For calculation of the within-run reproducibility, fresh samples were used. By using isolated LDL and whole plasma, we found that the CVs were 0.14% and 0.22%, respectively. The between-run CV calculated from measurements performed on different days, using isolated LDL samples stored in aliquots at Ϫ86°C, was 0.21%.
probe conditions
At low PnA concentrations, there is a linear relation between the final concentration of PnA and the fluorescence intensity of the PnA-labeled LDL peak, which deviates at ϳ2 mol/L because of increasing self-quenching of the probe in the lipid environment. We used final PnA concentrations of 1, 3, and 10 mol/L, and almost equal sizes were measured of an isolated LDL sample (25.63, 25.60, and 25.64 nm, respectively), demonstrating that the PnA concentration is not a critical parameter. We routinely used a final PnA concentration of 1 mol/L, which gave a proper fluorescence signal. The postcolumn PnA reagent was prepared by diluting an ethanolic PnA stock solution in TBE buffer adjusted to pH 9.6. At this pH, the PnA molecule is ionized and has a higher solubility in water. Under these conditions, during an analysis series of 16 h, maintenance of a stable signal of the fluorescent lipoprotein-PnA complex was achieved. In contrast, when PnA was diluted in phosphate-buffered saline adjusted to pH 7.4, the fluorescence intensity of the PnA-labeled LDL peak decreased ϳ40% over an 8-h period, probably by nonspecific adsorption of the probe to the reagent reservoir or tubing. The main advantage of the HPGC-FL method is that it permits direct measurement of LDL size in whole plasma or serum. The procedure is suitable for very precise and reproducible measurement of LDL size from a very small amount of sample (5 L). No sample pretreatment steps are involved in the procedure. Because analysis of a single sample takes only 30 min, a large series of samples can be analyzed using standard HPLC equipment with minimal hands-on time.
